Use of the general population as a reference might cause serious underestimation of the risk of cancer in working populations because of the healthy worker effect. Using incidence rates, we studied how this underestimation varied according to subtypes of cancer by comparing a large cohort of randomly selected Norwegian workers hired between 1981 and 2003 (n = 366,114) with the general Norwegian population. The cohort was linked to the Cancer Registry of Norway, including all new cancer cases (n = 11,271) reported up to 2003. We found marked potential for the healthy worker effect for overall cancer incidence in male workers (standardized incidence ratio (SIR) = 0.91, 95% confidence interval: 0.89, 0.93) but not in female workers (SIR = 0.99, 95% confidence interval: 0.95, 1.03). A statistically significantly lower incidence was found among men for cancers of the head and neck (SIR = 0.78), lung (SIR = 0.81), prostate (SIR = 0.93), kidney (SIR = 0.83), and bladder (SIR = 0.77) and for leukemia (SIR = 0.80), whereas an increased incidence was found for malignant melanoma among both men (SIR = 1.09) and women (SIR = 1.29) and for ovarian cancer in women (SIR = 1.32). Depending on the type of cancer being studied, marked potential exists for both underestimation and overestimation of cancer risk when the general population is used as the reference for studies of worker populations. cancer incidence; cohort studies; educational level; healthy worker effect; mortality Abbreviations: HWE, healthy worker effect; ICD, International Classification of Diseases; SIR, standardized incidence ratio; SMR, standardized mortality ratio.
The healthy worker effect (HWE) is a bias in occupational epidemiology studies that is typically characterized by lower relative mortality and morbidity rates from all causes combined and from selected causes in an occupational cohort, possibly masking an increased risk of the disease under study (1, 2) . The HWE occurs because less healthy individuals are more likely to be unemployed than are healthy individuals (i.e., less likely to seek, gain, or retain employment). The main mechanisms responsible for the HWE in occupational cohort studies are health-based selection of workers into employment (healthy hire effect), health-based differential losses to follow-up (healthy worker survivor effect), and time since hire (1, 2) . With regard to the latter, the HWE is known to diminish with increasing time since first employment (2) . The HWE is further modified by several factors, including the disease under study, sex, and socioeconomic status (1, 3) .
The HWE can be the result of failure to use an appropriate reference population of active workers. In occupational cohort studies on death, cancer, or other disease outcomes, the general population often is used as the external reference population (assumed unexposed to the occupational exposure of interest). Hence, because the general population also includes persons with chronic diseases and disabilities and persons otherwise out of the active worker population, these studies often show a lower risk of the disease under study in the worker population than in the general population (1, (4) (5) (6) . The HWE is assumed to be largest for chronic diseases, such as diseases of the respiratory and circulatory systems. It has been reported to be less pronounced for cancer deaths (1, 4, 6) and even less likely in cancer incidence studies (7) . With the improving quality of cancer registries around the world, data on cancer incidence in prospective designs increasingly are being used in occupational epidemiology.
Nevertheless, to our knowledge, the size of the HWE has been estimated in few cancer incidence studies with the general population as the reference, where the effects were not influenced by differences in survival. Furthermore, although mortality studies consistently report the HWE for women (3, 8) , studies using incidence data suggest that women's cancer risk is less influenced by the HWE than is that of men (9) .
We estimated the potential for the HWE according to overall cancer incidence and variations across specific cancer types for men and women separately. This was done by comparing the observed incidence in a large cohort of randomly selected workers employed in the whole range of occupations (the working population) with the number that would be expected on the basis of the incidence in the general population, comprising both employed and unemployed persons, as an external reference population. Additionally, we estimated how this ratio between observed and expected incidence rates varied according to education (used as a proxy for socioeconomic status).
MATERIAL AND METHODS

Data sources and study population
Information on employment was obtained from the NAV State Register of Employers and Employees, owned by the Norwegian Labor and Welfare Organization (NAV). All employers are required to register employees whose employment will last at least 7 days and likely will involve an average of no fewer than 4 hours' work per week (10) . The employee is registered with a unique 11-digit identification number assigned to all individuals living in Norway, an industrial classification code (the International Standard Industrial Classification or the Classification of Economic Activities in the European Union, depending on the year of registration), the county of work, and the first and last date of employment. The NAV State Register of Employers and Employees was established in 1978, became operational in 1983, and contains employment records from 1981 onward.
The study population was drawn at random from the NAV State Register of Employers and Employees and includes persons starting a new work engagement between 1983 and 2003 in the whole range of industries and occupations in Norway. This study population had been established as a reference population for previous studies of incidence of cancer among offshore petroleum workers (11, 12) . For each petroleum worker starting a new work engagement during the study period, we randomly selected 6 workers from the rest of the Norwegian worker population with a start of engagement the same year, all of whom were followed up from that year. Data on when the workers in the study population left the active workforce were not ascertained, but the study population nevertheless will be referred to as the worker population. After subjects who had had a cancer diagnosis before entering the cohort were excluded from the study population, the final cohort consisted of 366,114 workers (283,002 males and 83,112 females) ( Table 1) .
Data sources for outcomes
Information on new cases of cancer was obtained from the Cancer Registry of Norway (13) . All incident cancer cases in Norway have been registered in this national registry since 1952, and the reporting is compulsory. The cancer cases were coded according to a modified version of the International Classification of Diseases, Seventh Revision (modified version of ICD-7), except for hematopoietic neoplasms, for which a modified version of the International Classification of Diseases for Oncology, Third Edition (ICD-O-3), was used. The cancer types were categorized mainly according to topography. In addition, information on histology and morphology was used for categorization of the subtypes of hematopoietic neoplasms and lymphomas. We also ascertained data on deaths in the cohort. Data on causes of death were obtained from the Norwegian Cause of Death Registry and included date of death and underlying and contributory causes of death coded according to ICD-8 (1981 ICD-8 ( -1985 , ICD-9 (1986 ICD-9 ( -1995 , and ICD-10 (1996-). The contributory cause of death was used only as a supplement for estimating standardized mortality ratio (SMR) for diabetes mellitus. The 2 aforementioned registries are population based and cover the entire Norwegian population.
Statistics Norway established and linked the study population (worker population) to the Cancer Registry of Norway and the Norwegian Cause of Death Registry in April 2006, including all deaths and cancer cases reported up to December 31, 2003 . Statistics Norway also linked the study population to the Norwegian Education Registry, including the variable "highest completed education," which ranged from 1 (no education or preschool education) to 8 (doctoral degree). 
Statistical analysis
The standardized incidence ratio (SIR) was calculated as the ratio of the number of cancer cases in the study population to the expected number of cancer cases in the general population, which was based on age-specific incidence rates in 5-year groups for each year of diagnosis reported for the Norwegian general population from 1981 through 2003. Ninety-five percent confidence intervals were calculated on the basis of a Poisson distribution of the observed number of cases. Expected and observed numbers of cancer cases were calculated by assuming that the subjects were at risk from the year after inclusion into the cohort (start of new employment) until the end of follow-up (December 31, 2003) , the year of diagnosis of cancer, or the year of death, whichever occurred first. Similarly, the mortality ratios in the worker population and the general population were compared by calculating the SMRs. The SIRs and SMRs were calculated for males and females separately.
To describe how education might influence the SIRs and SMRs, we also calculated these risk estimates for cancer (all sites), lung cancer, malignant melanoma, ovarian cancer, and overall deaths across levels of education (on a 5-point scale) in the worker population. We did not have any information on lifestyle factors such as diet, smoking, and alcohol consumption. To gain more information on deaths from lifestylerelated diseases in our study population, we also estimated SMRs for chronic diseases that can be explained in part by these lifestyle factors, such as vascular diseases, diseases of the respiratory system, and chronic liver disease.
Ethics considerations
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RESULTS
The male worker population had a significantly lower incidence of overall cancer (all sites) than that of the general population (SIR = 0.91, 95% confidence interval: 0.89, 0.93) ( Table 2 ). In the male worker population, the risk was reduced for cancers of head and neck, esophagus, pancreas, lung and bronchus, prostate, kidney, bladder, and thyroid gland and for leukemia ( Table 2) . No decreased risk in overall cancer was found for the female worker population, though there was a significant lower SIR for cancers of lung and bronchus and bladder. The SIRs were slightly but significantly elevated for malignant melanoma (both sexes) and ovarian cancer.
The worker population also had a substantially lower overall mortality rate than that of the general population (men: SMR = 0.73; women: SMR = 0.70) ( Table 3) . SMR was significantly reduced for all major chronic diseases, including malignant causes of death (all sites): 0.85 for men and 0.84 for women. Risks were further markedly reduced for lifestyle-related causes of death, such as vascular diseases (0.72 for men and 0.59 for women), diseases of the respiratory system (0.38 for men and 0.59 for women), and chronic liver disease (0.57 for men and 0.49 for women). The risk estimates for diabetes mellitus were no longer significant when we also included diabetes mellitus as a contributory cause of death (SIR = 0.93, 95% confidence interval: 0.89, 1.08).
We found a strong inverse association between educational level in the worker population and the reduction in overall mortality rate, cancer incidence (all sites), and incidence of cancer of lung and bronchus among the male worker population (Figure 1 ). The decreased risk for these outcomes was particularly high for those with a high educational level. By contrast, for malignant melanoma, the elevated risk in the active worker population was further increased with increasing educational level. For ovarian cancer, the elevated risk in the working population was highest for those who had finished final upper secondary school and those with undergraduate university-level education (data not shown).
DISCUSSION
We found that the male worker population had a markedly lower incidence of cancer (all sites) and of several specific cancer types than that of the male general population. No overall effect was found for female workers. The results support a substantial potential for the HWE even in incidence studies, particularly for male worker populations. Rates of overall mortality and mortality from malignant neoplasms and chronic diseases were also low, in line with the SMRs reported in studies of various worker populations that used the general population as an external reference (4, 6, (14) (15) (16) (17) .
The risk estimate for overall cancer incidence for men was 0.91 (SIR), compared with an overall cancer mortality of 0.85 (SMR). Because workers with chronic diseases of the respiratory and cardiovascular systems or musculoskeletal disorders often leave employment or are transferred to a job with less environmental exposure, chronic diseases have been thought to be especially prone to the HWE. The effect is thought to be less important for risk of cancer because its risk factors are more difficult to identify in the selection process before hiring or during employment. It has been speculated that the HWE reported for cancer in mortality studies could be due to diagnosis occurring at earlier stages of cancer in occupational cohorts, resulting in increased survival, rather than to lowered cancer risk (18) . The results from the present study show that the HWE found in mortality studies cannot be explained solely by differences in survival. Rather, our results indicate that aspects of the HWE also apply to cancer as the outcome. The results further indicate that several previous studies on cancer incidence that used the general population as reference might have reported false negative findings.
We found substantial variations in the SIRs among the various cancer types. The reason for these variations is difficult to determine from our data but is probably related to several factors, including differences in the distribution of risk factors between the worker population and the general population. The cancer types found most frequently among Norwegian men-lung cancer, colon cancer, and prostate cancer (19)-all are associated with lifestyle factors and had low SIRs in our worker population. In addition, the worker population had a statistically significant lower risk of cancers of head and neck, esophagus, pancreas, kidney, bladder, and thyroid gland and of leukemia. The etiology of all these cancers is probably a complex combination of genetic dispositions, environmental exposures, and lifestyle factors. Lung cancer is one of the cancer types with the highest risk among individuals with low socioeconomic status, a fact generally attributed to inequalities in smoking and in occupational exposure to carcinogenic agents (20) (21) (22) ). An association with smoking also has been established for cancers of the head and neck, esophagus, respiratory system, pancreas, kidney, and bladder and for leukemia (23) . Furthermore, alcohol consumption is a risk factor for cancer of both the pharynx and the oral cavity (24, 25) , whereas obesity has been positively associated with an increased risk of cancer of the kidney, pancreas, and thyroid gland and with leukemia (26, 27) . Therefore, the reduced SIRs for all these cancer types might be related in part to a direct association between lifestyle risk factors and employment status (i.e., a lower incidence of smoking among employed persons). However, the reduced SIRs for these cancer types in the worker population also could be related to poor health conditions (such as chronic diseases) that were associated with both cancer risk and unemployment. The data in the present study cannot be used to distinguish between these 2 models.
Furthermore, using education as an indirect measure of socioeconomic status, we found a strong association between higher levels of education and lower SMRs and SIRs for overall mortality rate, cancer incidence (all sites), and incidence of cancer of lung and bronchus. The high risk associated with the lowest educational level could be related to a higher level of occupational exposure to carcinogens among these workers (20, 21) , but it might also reflect differences in lifestyle factors or other social inequalities in cancer incidence related to socioeconomic status. Regardless, these findings demonstrate the importance of including the educational level or socioeconomic status of the occupational group under study in the interpretation of risk estimates from cancer incidence studies in worker populations.
In addition to a decreased risk for most cancers in the male worker population, we also found an unexpected excess risk of malignant melanoma (both sexes) and ovarian cancer that increased with increasing educational level in the worker population. An association between the risk of malignant melanoma and increasing socioeconomic status also was found in a cancer incidence study of 15 million people in 5 Nordic countries with a follow-up period of up to 45 years (1961-2005) (28). Short-term exposure to intense sunlight is a major risk factor for malignant melanoma (29) , and it has been speculated that being employed and having a higher socioeconomic status might increase the opportunity for leisure-time intensive sun exposure. Regardless of the cause of this excess risk, this finding should promote caution in the interpretation of increased risk in worker populations when the general population is used as the reference.
Ovarian cancer is a hormone-related disease. Established risk factors include increasing age and having a family history of the disease, whereas protective factors include multiparity, lactation, oral contraceptive use, and tubal ligation (30, 31) . The increased risk for ovarian cancer observed in the present study corresponds to the findings about this cancer type in a Swedish study of HWE among women (9) and could be related to a difference between employed and unemployed women in the distribution of one or more reproductive factors, such as parity. Interestingly, an increased risk of ovarian cancer has been reported for several female worker populations, with suggested causative agents including asbestos (32, 33) , silica dust (34), diesel (35) , and hair dyes (36) . At present, however, other than for asbestos, little evidence indicates a causal relationship between exposure to such occupational agents and the risk of ovarian cancer, and one might speculate whether a part of the excess risk reported in these studies (all of which used the general population as reference) could reflect general risk factors associated with being employed. The finding of a markedly reduced SIR for overall cancer for men but not for women likely reflects the variations in SIR according to type of cancer and the distribution of these among men and women. The cancer types with the most reduced SIRs were more common among men, whereas cancer of breast and ovary and malignant melanoma, which did not show a reduced SIR, were most common among women. Interestingly, the risk estimate for lung cancer was exactly the same for men and women (SIR = 0.81), and this argues against major differences in the HWE mechanisms between men and women.
The mechanisms behind the HWE are complex and include aspects of health status, socioeconomic status, capabilities, lifestyle factors, and length of employment, and the present study does not allow an estimation of the relative contribution of the various components. The reduced SIRs and SMRs in the present study probably are related to both the healthy hire effect and the healthy survivor effect and are modified by the time-since-hire effect. The HWE also might be considered a confounding effect because it is created by a factor (e.g., health status) that influences both employment status (active or inactive) and risk of disease outcome, rather than reflecting a selection bias created solely by conditioning on participation in the study (1, 37) . The idea is that in situations in which data on health status from unemployed individuals were present, one could adjust for this variable as a confounder and thereby control for part of the HWE (38, 39) . This was not the case in the present study, which also lacks information on when the subjects left the active workforce. Subjects who left the workforce before 2003 therefore have been misclassified as being part of the active working population during the whole follow-up period. This has led to an overestimation of the number of cases among the active workforce and hence an underestimation of the "true survivor effect." The estimated HWE therefore would have been even stronger if we had been able to study a real defined active workforce population during the whole follow-up period.
In this study, we have shown that the HWE also might operate when prospective studies are performed and incidence is used as outcome. The HWE appears when standardized incidence rates from the general population are used to estimate risk in populations of active workers. These findings were based on a large cohort of randomly selected workers employed in the whole range of occupations. Lack of data on lifestyle factors and other possible risk factors distinguishing the population of workers from the general population clearly prevents us from pointing to specific causes of the reduced or increased risk of the various cancers. However, the increasing differences in rates for both mortality (all causes) and cancer incidence (all sites) with increasing educational level indicate the importance of addressing these factors in future studies.
In conclusion, although not all deviations from unity of the estimated SIRs in this study can be interpreted as HWEs, these observations show that substantial potential exists for a HWE when risk of cancer is studied by using both mortality and incidence rates, especially for cancer types for which smoking is the predominant risk factor. This was most evident for males, although the results do not support major differences in the HWE mechanisms between men and women. Given that it is feasible to assemble a large group of employed persons that can be used as an external reference population, the general population should not be used when cancer risk is studied in worker populations. The finding of an excess risk of malignant melanoma and ovarian cancer in the present active worker population shows a potential for overestimation of the risk of these cancers.
